A study on the dispersal of the exotic larval endoparasitoid, Cotesia flavipes Cameron (Hymenoptera: Braconidae), was conducted in a maize field in the northern Kilifi District in the coastal area of Kenya. Because C. flavipes did not previously occur in the release area, it was possible to use a unique indirect method to estimate dispersal by examining the distribution of parasitised hosts. Parasitoids released in the centre of the field moved as far as 64 meters during their life span, and dispersal was dependent on wind direction. The level of parasitism was influenced by the location of hosts in plants. The majority of parasitised stemborers (88.4%) were found inside the plant (stems and tassel stems), where 74.3% of the suitable hosts were found, which indicates that female parasitoids were not searching randomly for hosts. Aggregation of parasitoids in response to plants with different host densities was not detected. Implications of the release of C. flavipes on stemborers population in the agroecosystem of East Africa are discussed.
Introduction
An Asian cereal stemborer, Chilo partellus (Swinhoe) (Lepidoptera: Pyralidae), was accidentally introduced into Africa sometime before 1930 (Tams, 1932) , and has since become one of the most important pests of maize and sorghum in the eastern and southern regions of the continent (Harris, 1990) . In the southern coastal area of Kenya, two native stemborers, Chilo orichalcociliellus Strand (Lepidoptera: Pyralidae) and Sesamia calamistis Hampson (Lepidoptera: Noctuidae), attack maize and sorghum coincidentally in space and time with C. partellus. Among the three species, C. partellus is by far the most abundant, and there is evidence that it may be displacing the indigenous stemborers (Ofomata et al., 1999 (Ofomata et al., , 2000 . More than 40 parasitoid species have been recorded from C. partellus in Africa (Bonhof et al., 1998) . The braconid, Cotesia sesamiae (Cameron) (Hymenoptera: Braconidae), is the most common larval parasitoid of stemborers in most of eastern and southern Africa (Ingram, 1958; Mathez, 1972; Kfir, 1992) . However, in coastal Kenya, parasitism by C. sesamiae is typically quite low (Overholt et al., 1994a; Skovgard & Pats, 1996) .
In an attempt to increase natural suppression of C. partellus, Cotesia flavipes Cameron (Hymenoptera: Braconidae), a gregarious larval endoparasitoid of C. partellus native to the Indo-Australian region (Polaszek & Walker, 1991) , was imported from Pakistan and released at three sites in the coastal area of Kenya in 1993. Cotesia flavipes attacks medium to large (third-sixth instar) host larvae (Ngi-Song et al., 1995) . Recent survey results indicate that C. flavipes is established and spreading from the release sites .
Typically in classical biological control, a natural enemy is released at a few locations in a new environment, and then relied upon to disperse through the environment and colonize other suitable habitats. Maximum suppression of pest densities is attained once the natural enemy population has colonised all suitable habitats and population growth has stabilised to fluctuate above and below some equilibrium density. Thus, the rate of dispersal in a new habitat may be useful in predicting the amount of time before equilibrium is reached, and may also help to determine the optimal spatial arrangement for future releases. The aim of the present study was to estimate the distance traversed by female parasitoids in one generation in a fairly homogeneous environment, and to examine whether dispersal was influenced by wind direction and host distribution. Because C. flavipes did not occur in the area prior to our releases, it was possible to estimate dispersal of the parasitoid by collecting stemborers and examining the distribution of parasitized hosts.
Materials and methods
Parasitoid release. A 100 m × 100 m (1 ha) maize field was planted in the northern Kilifi District on the 16th of April 1995, which is fairly early in the season. Wild vegetation was cleared from the field prior to planting. Local growers in the district started planting their maize approximately two to three weeks later, and the nearest maize to our study area was about 50 meters away. Areas in between cultivated fields were largely characterized by coastal lowland, early succession vegetation (wild grasses, a few woody bushes and broad-leafed herbaceous plants). Maize variety used was Coast Composite, planted at distances 100 cm between rows and 30 cm between plants within rows, resulting in a plant density of about 33,300 plants per ha. Planting was done early in the season to avoid parasitisation by indigenous parasitoids, which tend to be rare early in the season (Mathez, 1972; Kfir, 1992) . In May 1995, when plants were 40 days old, 2500 cocoons of C. flavipes, which were five days old, were placed in a release station in the middle of the field. The cocoon stage lasts about six days at 25 • C (Kajita & Drake, 1969) . C. flavipes was obtained from a colony initiated with founders collected from southern Pakistan and reared on C. partellus (Swinhoe) larvae. C. flavipes had never been released or recovered in this area (Overholt, unpubl.) therefore it was possible to study it's dispersal in the new environment without the need to mark or follow released individuals. The release station consisted of a 20 cm 3 perspex chamber with a white roof. Holes (2 mm) were drilled in a 1 cm × 1 cm grid pattern on three sides of the chamber to allow parasitoids to exit the station. To stimulate parasitoids to leave the station, the outside of the chamber was painted green to darken the interior. The station was hung on a wooden stand 1.5 meters above the ground. The stand was coated with automotive grease to prevent the entry of ants and other predators (see Overholt et al., 1994b for details about the release station). The number of empty cocoons found in the release station after the five days was counted and used to determine the number of adult parasitoids that had been released.
Sampling method. Stemborers were collected from the field starting four days after the cocoons were placed in the release station. Sampling was repeated every four days for a total of four samples. The field was divided in a grid pattern every 10 m in two perpendicular directions. From each intersection, the nearest plant exhibiting signs of infestation was uprooted, so that 121 plants were collected on each sampling date. Each plant was given a number corresponding to its location in the field and later dissected in the laboratory. Stemborer larvae found in each plant were removed and placed in glass vials until the emergence of the moth or adult parasitoids. Borer stage and location in the plant were recorded. Stemborer larvae were recorded as small, medium and large, which roughly corresponded to first and second instars, third and fourth instars, and fifth and sixth instars, respectively. Emerged moths were counted and identified. Emerged parasitoids were counted, sexed and identified. The locations of larvae parasitised by C. flavipes were used to estimate the dispersal pattern of female parasitoids.
An estimation of the number of infested plants in the field was made by counting the number of plants that exhibited symptoms of infestation in every fifth row. This was done on the first sampling date (31 May 1995) prior to sampling. The number of infested plants that had host larvae suitable for parasitisation (medium-and large-sized larvae) (Ngi-Song et al., 1995) , was estimated by relating the number of putatively infested plants on the first sampling date as determined by visual inspection, to the proportion of plants which were found to be infested based on plant dissection. Wind velocity was measured once in the morning and once in the afternoon using a handheld anemometer throughout the five-day period after the release of parasitoids. Wind direction was determined using a simple hand made wooden vane and a compass. Data analysis. Distances traversed by female parasitoids were calculated from the point of release to the locations of parasitised larvae. Dispersal data from the four sampling dates were pooled into one data set. This was justified because the life cycle of C. flavipes requires 18 days at 28 • C (Ngi-Song et al., 1995) . The mean temperature during July in Kilifi is 24.2 • C (Ministry of Agriculture, 1988) . Thus, all parasitised stemborers recovered during the four samples (within 16 days of release) were the progeny of the released females. The data were fitted to Taylor's (1978) dispersal model using (PROC NLIN METHOD = DUD, SAS Institute, 1988) . The model takes the form: N = exp(n + bXc), where N = number of individuals dispersing to distance X, while n and c are constants. The model assumes randomness if c ∼ 2. If c < 2, then there is a tendency to aggregation around the point of release, while c > 2 indicates repulsion leading to a more uniform distribution. The coefficient of determination (R 2 ) and goodness of fit (F) for the non-linear regression were calculated by regressing the observed numbers of parasitised larvae on the model's predicted values. Linear regression was also performed on the data using the equation: N = a + bX, where N = number of individuals dispersing to distance X (PROC REG, SAS Institute, 1988) . To examine the effect of wind direction on the spatial distribution of the parasitoids, the study area was sub-divided in two ways; (1) four square plots (50 × 50 m designated 1, 2, 3 and 4) and (2) diagonally into two equal parts designated A and B approximately perpendicular to the wind direction (Figure 1 ). Stemborer infestation in the two diagonal plots, and the 4 square plots were compared using a χ 2 goodness of fit test. A log linear analysis was used to relate numbers of parasitised larvae recovered to wind direction (PROC GENMOD, SAS Institute, 1988) .
To examine whether the between-plant host distribution affected the distribution of parasitism, plants were divided into four host densities categories: plants with 1-4 suitable hosts, 5-8, 9-12 and >12 suitable hosts. Parasitisation was compared in the different categories using a χ 2 goodness-of-fit test.
To examine whether the within plant host distribution influenced parasitism, a χ 2 test of independence was used to compare the frequency distributions of parasitised and non-parasitised host larvae in the stem, leaf, leaf sheath, tassel stem, ear and shank.
Results
The total number of C. flavipes adult parasitoids released, as determined from the number of empty cocoons recovered from the release station, was 2437. Of those, we estimated that approximately 80%, or 1950, were females (Overholt et al., 1994b) . The dispersal pattern of the parasitoid recoveries in the study area is shown in Figure 1 . Parasitised hosts were found as far as 64 meters from the point of release. Figure 2 shows the numbers of parasitised larvae, as a function of distance from the point of release, as predicted by Taylor's (1978) non-linear dispersal model, and by a linear regression. The data was better described by Taylor's model. The number of adult parasitoids (N) dispersing to distance (X) was described by the fol- A clear trend of dispersal towards the north-eastern part of the field was found. Wind velocity ranged from 0.0 to 6.0 meters/second during the day, and winds were regularly from the south west, which is the prevailing direction during the long rains (MarchJune). There were significant differences in the number of parasitised borers recovered between subdivisions 1,2,3 and 4 (χ 2 = 20.7, df = 3, P = 0.001), as well as in subdivisions A and B (χ 2 = 14.5, df = 1, P = 0.001), which suggests that wind direction influenced the pattern of parasitoid dispersal. However, no difference was found between the host distribution in subdivisions A and B (χ 2 = 2.7, df = 1, P > 0.05), or between subdivisions 1,2,3 and 4 (χ 2 = 1.11, df = 3, P > 0.05). Larvae recovered from plants on the boundaries between subdivisions were excluded from the analysis.
Of 484 plants collected, a total number of 592 stemborer larvae were found, giving a mean of 1.22 larvae per putatively infested plant. C. partellus represented 80.9% (479 larvae), S. calamistis 17.4% (103 larvae) and C. orichalcociliellus 0.8% (five larvae) of the total stemborers collected.
Of the total number of larvae collected, 46 larvae were found to be parasitised. Cotesia flavipes was identified as parasitising 41 C. partellus and one S. calamistis. Ten of the parasitised larvae (23.3%) were medium-sized while 32 (74.4%) where large-sized. One C. flavipes cocoon mass was found without the host larva on the last sampling date (12th of June). One C. partellus and two S. calamistis were parasitised by C. sesamiae.
All C. flavipes progeny emerged within one week (16-23 days after the release). As the parasitoid's life cycle requires approximately 18 days (Ngi-Song et al., 1995) , and C. flavipes did not naturally occur in the area, it is nearly certain that the parasitoids recovered were the progeny of the adults released. The stem and tassel stem were the most common locations of stemborer larvae (38.3% and 30.4%, respectively), followed by the leaf sheath (25.3%). Leaves, ears and shanks had the lowest abundance (3.4%, 2.0% and 0.5%, respectively). The distribution of suitable hosts (medium and large-sized larvae) was similar, with the stem and tassel stem having the highest abundance of suitable hosts (42.3% and 32.0%, respectively) followed by leaf sheath (18.8%). Leaves, ears and shanks had the lowest abundance (3.2%, 3.2 % and 0.5%, respectively). The distribution of parasitism was dependent on the within-plant distribution of suitable host larvae (χ 2 = 11.32, df = 5, P < 0.05). The highest proportion of larvae parasitised by C. flavipes was found in the stem (62.8%), followed by tassel stem (25.6%), leaf sheath (9.3%) and ears (2.3%). No parasitised larvae were found on the leaf or in the shanks. There was a significant dependence of parasitism on host location whether inside or outside the plant. Of the total parasitism, 88.37% took place inside the plant (stems and tassel stems) where 74.3% of the suitable sized larvae were found (χ 2 = 5.788, df = 1, P = 0.016). Internodes 2, 3 and 4 had the highest larval abundance within the stem, and 82.1% of the larvae parasitised in the stem were found in the same internodes.
Aggregation of parasitoids in response to plants with different host densities was not detected. There was no difference in the percentage of larvae parasitised in plants with 1-4, 5-8, 9-12 and >12 suitable larvae (χ 2 = 4.491, df = 3, P = 0.213) (Figure 3 ). Aggregation on a larger spatial scale (diagonal and square plots) could not be examined as there were no differences in the host distributions between those divisions.
Mean total progeny and female progeny of C. flavipes were 43.83 and 28.30 per host, respectively, giving a sex ratio of 1.86:1. However, out of the total number of C. flavipes cocoon masses recovered (43), three did not produce females, which suggests that about 92% of female parasitoids had mated before dispersal. This finding agrees with previous studies (Arakaki & Gahana, 1986; Overholt et al., 1994b) who found that C. flavipes mated before dispersing.
The total number of parasitised larvae in the field was estimated to be 130, which constitutes about 11% of the estimated number of suitable larvae in the field (1165). This, however, could be an underestimation of the actual number of larvae in the field, since it is based on the assumption that only the plants that exhibited symptoms of infestation were infested (5% of the total number of plants in the field). Assuming that 130 is a reasonable estimation, and that each parasitized larva was parasitized by a different female, then about 6.7% (130/1950) of the C. flavipes females released successfully found and parasitised hosts in the study field. However, this figure may be an overestimation as one female C. flavipes is capable of parasitising more than one host (Potting et al., 1997a) . The number that dispersed beyond the field and parasitised suitable hosts is not estimable, but the number of recoveries at the boundary of the field suggests that some females may have moved beyond the study area.
Discussion
The ability of parasitoids to find mates, disperse and locate hosts in the area of release is an essential attribute for a successful establishment. In classical biological control programmes, where natural enemies are introduced into a new ecosystem, failures of establishment might occur due to different reasons. One reason could be low numbers released, and the rapid dispersal of natural enemies from the release site, resulting in an Allee Effect (Hopper & Roush, 1993) . Natural enemies may fail to find mates, leading to a male biased sex ratio and eventually to population extinction. However, in gregarious parasitoids, which often mate with their siblings before dispersal, this constraint may not be an important factor in establishment. Studies by (Arakaki & Gahana, 1986) showed that individuals of C. flavipes mated with their siblings soon after emergence, and field studies by (Overholt et al., 1994b) came to the same conclusion. This observation is further confirmed by the present study, since very few all-male broods were recovered.
A number of studies have looked at the direct impact of weather conditions on insect behaviour under both laboratory and field conditions (Moran et al., 1987; McClure, 1990; Fink & Völkl, 1995) . It should be fair to assume that adverse weather conditions will not enhance parasitoids performance in the field. For example, Weisser et al. (1997) showed that the number of aphid colonies visited by Aphidius rosae decreased with increasing duration of rain, and that wind speed exceeding 2 m/s reduced the number of bushes found per day. However, same authors found that if wind occurs during a patch visit, A. rosae females continue to forage at a lower oviposition rate, therefore leading to an increase in parasitism rate of aphid colonies. The effect of wind on parasitoids performance may however be less critical than rain or the combination of these two factors (see Weisser et al., 1997; Schwörer et al., 1999) . On the other hand, Corbett & Rosenheim (1996) discussed the influence of winds on dispersal and cited many cases of upwind dispersal by minute wasps. Hendricks (1967) reported strong downwind displacement of Trichogramma semifumatum at wind speeds between 3 and 5.5 m/s, but variable directional displacement at wind speeds of 3 m/s or less. Similarly, Keller et al., (1985) showed that upwind movement of Trichogramma spp. was not prohibited by moderate wind speeds of less than 3.0 m/s. In the present study, it was shown that female parasitoids can fly at least 64 meters during their life span (2-3 days), and that parasitoid movement was predominantly downwind. This may be an indication that most of the parasitoids are affected directly by wind after emergence, and are engaged in a passive down wind displacement. Once female parasitoids land on a plant, they may initiate a short-distance, odour-oriented search for their hosts.
Parasitism was found to be dependant on host location within plants, suggesting that host searching is not random, which is not unexpected. The majority of parasitised hosts were found inside the stems and tassel stems where most of the suitable sized larvae were found. Studies have shown that C. flavipes females use infochemicals to locate their hosts. Females are attracted to larval frass, infested maize plants and uninfested plants (Ngi-Song et al., 1996; Potting et al., 1997b) . Laboratory experiments in Y-Tube olfactometers have shown that C. flavipes responds in a dose dependent manner to plants infested with varying numbers of stemborers and different amounts of frass. Plants with a higher number of host larvae and a more copious amount of larval frass attracted more C. flavipes females (NgiSong & Overholt, 1997) . Thus, it was somewhat surprising that aggregation in response to host density was not detected in the present study, although C. flavipes females appeared to show a tendency to cause higher levels of parasitisation in plants with >12 suitable host larvae (Figure 3) . It should be noted that even if aggregation of parasitism had been found, it could not have been definitively attributed to aggregation of searching parasitoids, as one female may have parasitised more than one host. Moreover, the small dataset of only 43 parasitised larvae may have been too limited to detect slight differences in response to host density. Additionally, the bioassays where the response to higher densities of hosts was detected, were conducted in olfactometers which measured the response of insects moving upwind towards an odour source, whereas the present dispersal study clearly showed that most parasitoids moved downwind. Data from olfactometer studies may simply not be a reliable indicator of insect movement in response to more complex natural air currents in the field, particularly in relation to subtle dose dependent responses. Moreover, the distribution of parasitised hosts is likely to reflect aspects of both passive, wind-mediated long distance dispersal, and short-distance host finding. Finally, the present study used a single plant spatial scale to measure aggregation, which may not have been appropriate (Walde & Murdoch, 1988) . Aggregation may occur on a larger scale, such as groups of plants. The stemborer distribution in the study field was rather homogeneous, as no differences in infestation were detected between the plots, and thus, aggregation on a larger scale could not be measured. A more detailed study with a larger dataset and a range of spatial scales may provide more insight into the response of C. flavipes to host density.
The current study investigates the dispersal of Cotesia flavipes adult parasitoids in one life span, it also sheds light on the parasitoid's potential for the colonisation of the new habitat in the following generations. Chilo partellus is an old association host of C. flavipes, and therefore is clearly a suitable host for the development of the parasitoid progeny (NgiSong et al., 1995; Sallam, unpubl.) . The fact that C. partellus accounts for more than 80% of the total stemborer population in southern coastal Kenya , which is also confirmed in the present work, will enhance the dispersal and establishment of C. flavipes in the new ecosystem. Moreover, C. flavipes is able to utilise the two other less commonly found species, C. orichalcociliellus and S. calamistis, that occur sympatrically with C. partellus. With such a fairly wide host range it is anticipated that C. flavipes will be able to effectively colonize most maize plantation areas in Kenya and East Africa. However, high quality monoculture plantations of maize, as used in our study, are not always available to searching parasitoids. Spatial variability in host availability may induce long range dispersal of the parasitoid, and thus allow the parasitoid population to spread through the mosaic of areas of high and low host abundance.
